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ABSTRACT 
 
Spectroscopic ellipsometry (SE) is a non-contact, non-destructive characterization technique 
for probing the optical properties of thin films.  With the advent of second-generation solar 
cells, SE has seen use as a method for determining the dielectric function of each layer in 
heterostructured, thin-film photovoltaic devices.  The aim of this thesis is to assess the 
capability of SE to resolve changes associated with illumination in the dielectric function of 
the absorbing layer of CdTe/CdS photovoltaic devices.  Subsequently, this thesis aims to 
model the dielectric function of CdTe using critical point parabolic band theory (CPPB) and 
map the observed modulation to changes in the band structure associated with the 
photoexcitation of carriers.  SE successfully measured the absolute geometry and optical 
properties of the solar cell, with the parameterization of the absorbing layer corroborating 
previous research.  Small, qualitatively reproducible changes in the raw SE spectra were 
observed when the device was subject to illumination.  Nevertheless, the associated 
modulation of the dielectric function was too small in comparison to the uncertainty to be of 
scientific use.  Although SE proved unable to resolve the desired modulation, improvements 
in experimental methodology may allow for greater success in future work.  
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CHAPTER 1: INTRODUCTION 
 
The discovery of electricity has paved the way for our modern lifestyle.  Today, most 
electricity is generated through the burning of fossil fuels.  Although fossil fuels provide 
cheap energy, they have a number of drawbacks.  Fossil fuels are non-renewable; it is 
projected that we will run out of oil, natural gas, and coal, in 30, 60, and 190 years 
respectively [1].  Additionally, the burning of fossil fuels has contributed to an increase in the 
CO2 concentration of the atmosphere, resulting in climate change across the globe.  Solar 
energy, on the other hand, is renewable and does not result in CO2 emissions but has not been 
widely adopted, due in large part to its financial cost.  Currently, solar energy can be produced 
at a cost of approximately $0.30/kwh [2], while conventional coal costs around $0.03/kwh [3].  
Solar power is a relatively new technology, however, and so there is much room for 
optimization.  If solar power is to become economically competitive with fossil fuels, 
advancements must be made in efficiency, fabrication, scalability, and cost.   
While most solar energy produced today is generated by 1st generation silicon solar 
cells, emerging technologies may allow for higher efficiencies and lower costs.  2nd generation 
solar cells utilize thin films of an absorbing material with a direct band gap in place of silicon.   
CdTe and CIGS thin film solar cells have been developed with respective efficiencies of 
22.3% and 22.1%, while polycrystalline Si cells like those in widespread use today have 
topped out at 21.3% [4].  Thin film solar cells require less material than traditional silicon 
solar cells and can be fabricated by easily scalable processes.  As such, they may be 
instrumental in reducing the cost of solar energy.  Research into developing better solar cells 
involves extensive characterization of every aspect of the cell.  Improvements in the 
techniques used to characterize the solar cell could accelerate the development of better solar 
cells, lead to novel technologies, or both. 
Ellipsometry is the process of drawing conclusions about a thin film structure by 
measuring how the polarization of light changes upon reflecting off of the surface.  If the 
dielectric function of each layer of the structure is known, ellipsometry can be used to 
determine the thickness of each layer.  This process can also be inverted; that is, the dielectric 
constant of each layer can be determined if the thicknesses of each layer are known.  By 
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varying the angle of incidence and the wavelength of light used (variable angle spectroscopic 
ellipsometry, or VASE), the dielectric function of a thin film can be probed to a high degree of 
accuracy over the spectrum of the ellipsometer.  VASE is non-contact, non-destructive, high 
precision, and able to probe relatively complex heterostructures [5].   
In a solar cell under illumination, electron-hole pairs are generated and swept to the 
anode and cathode by electric fields within the cell.  The excitation of electrons leads to 
changes in the carrier concentration and space charge throughout the cell.  These changes 
result in modulation of the band structure, which is strongly tied to the dielectric constant.  As 
a result, VASE could be used to probe carrier generation in a thin film solar cell.  The carrier 
generation rate is useful to know in its own right, but it could also be used to find other useful 
parameters such as the average carrier lifetime or mean free path of electrons. 
 Unfortunately, these parameters were not characterized with a useful degree of 
confidence.  The effect of illumination on the optical model of the solar cell was too small to 
be observed over the native noise of the system.  That said, corroboration of the optical model 
and reproducible changes in the raw VASE spectra that occurred during illumination provide a 
glimmer of hope for the technique. 
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CHAPTER 2: THEORY 
 
2.1 OVERVIEW OF OPTICS 
An electromagnetic wave consists of an oscillation in electric field and a perpendicular 
oscillation in magnetic field.  The two oscillations are governed by Maxwell’s equations and 
are synchronized and related to each other in magnitude by a proportionality constant.  The 
directions of these two oscillations define a plane in 3-dimensional space, and the oscillation 
propagates normal to this plane.  If we define the x-direction as the direction of propagation, 
we can describe the wave using the one-dimensional wave equation. 
𝐸 =  𝐸0 exp[𝑖(𝜔𝑡 − 𝐾𝑥 + 𝛿)] 
𝐵 =  𝐵0 exp[𝑖(𝜔𝑡 − 𝐾𝑥 + 𝛿)] 
The propagation speed is given by 𝑠 = 𝑐 = 2.998 ∗ 108 m/s in a vacuum, although this speed 
is reduced in other media.  If no light is absorbed, then the ratio of the speed of light in a 
vacuum to the speed of light in a medium defines the refractive index of that medium.  
𝑛 =  
𝑐
𝑠
 
Using the refractive index, we can rewrite equation (1)  
𝐸 = 𝐸𝑡0exp [𝑖 (𝜔𝑡 −
2𝜋𝑛
𝜆
𝑥 + 𝛿)] 
for 𝐸𝑡0 is the amplitude of the electric field in the medium and 𝜆 is the wavelength of light in 
a vacuum.  We can describe electromagnetic waves in absorbing media by introducing the 
complex refractive index.  
𝑁 = 𝑛 − 𝑖𝑘 
If we use 𝑁 as our refractive index in equation (3), we can represent an electromagnetic wave 
traveling through a non-transparent medium. 
𝐸 = 𝐸𝑡0exp (
2𝜋𝑘
𝜆
) exp [𝑖 (𝜔𝑡 −
2𝜋𝑛
𝜆
𝑥 + 𝛿)] 
Using the refractive index, we can calculate the permittivity.  When an electromagnetic wave 
passes through a material, the oscillations in electromagnetic field induce polarization in the 
medium, which can itself be treated as an electromagnetic wave with the same frequency.  
The interference between these two waves determines the behavior of light in the medium.  In 
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(6)
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materials that do not absorb light, the degree to which a material is polarized by 
electromagnetic radiation is given by the permittivity, 𝜀.  For an incident electromagnetic 
wave with electric field 𝐸 = 𝐸0exp (𝑖𝜔𝑡) and a polarization 𝑃, the permittivity is defined by 
the following relation.  
𝜀 = 1 +
𝑃
𝜀0𝐸
 
Like the refractive index, the permittivity is complex in absorbing media.  The real and 
imaginary components of the dielectric function are closely tied to the refractive index.  
𝜀 = 𝜀1 − 𝑖𝜀2 
𝜀1 = 𝑛
2 − 𝑘2  𝜀2 = 2𝑛𝑘 
The permittivity of any material is different for different wavelengths of incident light.  The 
spectrum of 𝜀1 and 𝜀2 over different wavelengths of light is called the dielectric function.  The 
dielectric function can be measured experimentally using spectroscopic ellipsometry.   
 
2.2 SPECTROSCOPIC ELLIPSOMETRY 
Spectroscopic ellipsometry (SE) is a non-contact, non-destructive measurement 
technique used to probe the dielectric constant and structure of thin films.  Ellipsometry 
consists of shining a collimated beam of polarized light at sample at a known angle and 
measuring how the polarization is changed.  The plane containing the incident light beam and 
the reflected beam is defined as the 𝑝 plane, while each beam of light has its own 𝑠 plane 
defined as the plane perpendicular to the 𝑝 plane that contains the light beam.  The polarized 
incident beam can be expressed as a linear combination of light oscillating in the 𝑝 and 𝑠 
planes, called the Jones vector.  For the general case of light propagating in the 𝑧-direction, 
the Jones vector is defined as follows.  
𝐸(𝑧, 𝑡) = [
𝐸0𝑥 exp(𝑖𝜑𝑥)
𝐸0𝑦 exp(𝑖𝜑𝑦)
] exp(𝑖(𝐾𝑧 − 𝜔𝑡)) 
The Jones vector consists of an amplitude, 𝐸0𝑖, and a phase, 𝜑𝑖, for the 𝑥 and 𝑦 directions.  As 
can be seen, the Jones vector consists of an amplitude and a phase component for both the 𝑥 
and 𝑦 components.  Unfortunately, it is not the electric field, but the intensity, given by  
𝐼 = 𝐸𝐸∗, that is measured.  When the electric field is multiplied by its complex conjugate, the 
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phase terms disappear.  To recover the phase terms, we need to utilize a change of 
coordinates.  We define a new coordinate system given by equations (9) and (10), allowing us 
to re-parameterize the Jones vector.  
tan(𝜓) = 𝐸𝑥0 𝐸𝑦0⁄   ∆ =  𝜑𝑥 − 𝜑𝑦 
[
𝐸0𝑥exp (𝑖𝜑𝑥)
𝐸0𝑦exp (𝑖𝜑𝑦)
] = [
sin(𝜓) exp(𝑖𝛥)
cos(𝜓)
] 
At this point, we define a new term: the amplitude reflection coefficient, denoted by 𝑟𝑖 and 
defined as the ratio of the electric field amplitude of the 𝑖-polarized reflected wave to that of 
the 𝑖-polarized incident wave.  𝑟𝑥 and 𝑟𝑦 can be determined directly using the known 
polarization of the incident light and the measured values of the amplitude of the collected 
(reflected) light.  We can express the ratio of 𝑟𝑥 and 𝑟𝑦 (denoted by 𝜌) in terms of 𝜓 and Δ.  
𝜌 =  
𝑟𝑥
𝑟𝑦
= tan(𝜓) exp(𝑖𝛥) 
By measuring 𝜌 over the complete range of initial polarizations, we can determine 
conclusively the value of both 𝜓 and Δ.  Doing so also allows us to define our coordinate 
system such that 𝑟𝑥 and 𝑟𝑦 can be defined in terms of the 𝑝 and 𝑠 planes.  
𝜌 =  
𝑟𝑝
𝑟𝑠
= tan(𝜓) exp(𝑖𝛥) 
Defining 𝜌 in this was allows us to exploit two facts: 
• 𝑝 and 𝑠 polarized light are both reflected and transmitted differently.   
• The reflection (and transmission) amplitude coefficients are directly tied to the 
complex refractive index 𝑁. 
Making the approximation that 𝑁𝑎𝑖𝑟 = 1,  these coefficients can be expressed by expressed 
such that they are dependent only on the index of refraction of the material 𝑁 and the angle of 
incidence 𝜃.  
𝑟𝑝 =
𝑁2cos𝜃−√𝑁2−sin2𝜃
𝑁2cos𝜃+√𝑁2−sin2𝜃
  𝑟𝑠 =
cos𝜃−√𝑁2−sin2𝜃
cos𝜃+√𝑁2−sin2𝜃
 
𝑡𝑝 =
2𝑁cos𝜃
𝑁2cos𝜃+√𝑁2−sin2𝜃
  𝑡𝑠 =
2cos𝜃
cos𝜃+√𝑁2−sin2𝜃
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The differences between 𝑟𝑝 and 𝑟𝑠 become immediately apparent when they are plotted 
against each other for a given value of 𝑁.  At 633 nm, CdTe has a refractive index of 𝑁 =
2.95 + 0.28𝑖 [6].  For this value of 𝑁, the amplitude coefficients are shown as a function of 𝜃 
(figure 2.1).  As can be seen, 𝑟𝑝 flips from positive to negative at 71°.  This angle at which this 
transition occurs is known as the Brewster angle of the material and it is ideal for 
ellipsometric measurements because the greatest contrast between 𝑟𝑝 and 𝑟𝑠 is achieved [5].  
Additionally, the flip from positive to negative is associated with a 180° phase change (figure 
2.2), allowing for greater resolution in measurement of ∆.  
The reflectivities, however, do not tell the whole story.  Light that is transmitted 
through the sample medium travels (with attenuation) until it encounters a change in the 
refractive index, at which point a portion of it is reflected towards the sample surface.  Of this 
portion, a smaller (though important) portion is transmitted.  Light that has taken this path is 
re-emitted at the same angle as the light that was reflected off of the sample surface due to 
Snell’s law.  As a consequence of this, the collected light is a combination of light that has 
been reflected off the sample surface and light that has taken various paths through the sample 
(figure 2.3).  In order to maximize the signal from the transmitted light, samples used in 
ellipsometry are typically equipped with a highly reflective back surface. 
The total distance traveled for each path is different, which means that each path has a 
different phase in addition to a different amplitude.  Using an optical model, the contributions 
from each path to the 𝜓 and ∆ spectra can be isolated.  If the refractive indices of each layer 
are known, SE can be used to determine the thickness of each layer of a sample.  If the 
thicknesses of each layer are known, then the dielectric function of one or more layer can be 
determined, although doing so effectively requires an in-depth treatment of the physical 
processes that give rise to polarization. 
 
2.3 THE LORENTZ MODEL 
In the absence of an electric field, electrons occupy the ground state of roughly 
parabolic potential energy wells.  Upon perturbation, an electron will oscillate at a frequency 
related to the shape of the potential well.  For resonant frequency 𝜔0 and damping coefficient 
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(15)
(16)
(17)
(18)
(19)
Γ we can model the electron as a Lorentz oscillator, with position 𝑥 given as a function of 
time1.  
𝑚𝑒
𝑑2𝑥
𝑑𝑡2
= −𝑚𝑒Γ
𝑑𝑥
𝑑𝑡
− 𝑚𝑒𝜔0
2𝑥 
In the presence of an electromagnetic wave, an electron experiences an oscillating electric 
field.  This results in an additional force with that oscillates at the frequency of light, 
represented by 𝜔. 
𝑚𝑒
𝑑2𝑥
𝑑𝑡2
= −𝑚𝑒Γ
𝑑𝑥
𝑑𝑡
− 𝑚𝑒𝜔0
2𝑥 − 𝑒𝐸0exp (𝑖𝜔𝑡)  
This differential equation has a solution of the form 𝑥(𝑡) = 𝐴exp (𝑖𝜔𝑡), which means that the 
electron undergoes forced oscillation at the frequency of the electromagnetic wave.  Upon 
substitution of 𝑥(𝑡) in this form, equation (16) can be simplified to an expression for 𝐴 in 
terms of 𝜔.   
𝐴 = −
𝑒𝐸0
𝑚𝑒
1
(𝜔02 − 𝜔2) + 𝑖Γ𝜔
 
The displacement of electrons, given by 𝑥(𝑡), results in a net polarization.  For an electron 
density of 𝑁𝑒, this polarization is given by the following relation.  
𝑃 = −𝑒𝑁𝑒𝑥(𝑡)  
By substituting our known formula for 𝑥(𝑡) into equation (18) and the value of the 
polarization into equation (6), we can write a formula for the dielectric function.  
𝜀 = 1 +
𝑒2𝐸0
𝜀0𝑚𝑒
1
(𝜔02 − 𝜔2) + 𝑖Γ𝜔
 
Though powerful and elegant in its simplicity, the Lorentz model is not always the best choice 
for the modeling of the dielectric function.  For our purposes, the Lorentz model has two main 
drawbacks [7]. 
• The spring constant of the oscillator is not directly tied to the band structure 
• Some features of the known dielectric function of CdTe cannot be explained by 
Lorentz oscillation alone. 
In our treatment of the dielectric model of CdTe, we will be adopting the Lorentz paradigm to 
fit critical point parabolic band (CPPB) theory.   
                                                 
1 The damping coefficient is also referred to as a broadening parameter 
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(20)
2.4 CRITICAL POINT PARABOLIC BAND THEORY 
When light passes through a medium, electrons in that medium absorb photons and 
undergo displacement.  According to the Pauli exclusion principle, however, there are a finite 
number of states that an electron can occupy inside a material of finite size.  In a crystalline 
solid such as CdTe, an electron can occupy a set of states determined by the dispersion 
relation of that orbital.  There are many orbitals that an electron can occupy and dispersion 
relations of each orbital overlap to form bands of permitted energies.  The finite number of 
states in each band are not evenly distributed, and the density of states is related to the 
gradient of the dispersion relation.  The band diagram of CdTe is shown by figure 2.4. 
At the low temperature limit, electrons occupy the lowest possible energy states, 
filling energy bands up to the level of the Fermi energy (𝐸 = 0 above).  In the case of CdTe, 
there is a band gap separating a fully occupied valence band from an empty conduction band.  
Electrons in the valence band of CdTe therefore cannot absorb photons of less energy than the 
band gap, meaning that light below the frequency of the band gap cannot polarize the 
material.  A photon of sufficiently high energy, however, can excite an electron from the 
valence band to the conduction band, displacing the electron and creating an electric dipole.  
This electron then relaxes to the valence band, negating the dipole.  This relaxation typically 
results in release of another photon, continuing the cycle.  The dielectric function is thus 
informed by the relaxation rate, the mean free path, and the probability of non-radiative 
recombination events. 
In a 3-dimensional material, dispersion relations can be defined as surfaces in  
3-dimensional k-space [8].  When a photon is absorbed, electrons jump from a surface in the 
valence band to one in the conduction band.  The probability that a photon will be absorbed is 
therefore determined by the relative surface area of the k-sphere at which the radial distance 
between the valence and conduction surfaces equals the energy of the photon, defined as the 
joint density of states and given by the following equation [9].  
𝜌𝑐𝑣(ℏ𝜔) =
2
8𝜋3
∫ ∫
𝑑𝑆
|∇𝑘(𝐸𝑐 − 𝐸𝑣)|
 
At various regions on the sphere, the contour of the valence surface closely matches the 
gradient of the conduction surface, resulting in Van Howe singularities, also known as critical 
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(21)
(22)
points, in the joint density of states.  These critical points have a dominant effect on the 
dielectric function.  We can model each critical point as a modified Lorentz oscillator, with 
the resonant frequency determined explicitly by the critical point energy2.  The CPPB 
oscillator contains two additional corrective terms that are tied to the band structure [10].   
𝜀𝑛 = 𝐴𝑛𝑒
𝑖𝜙𝑛 {
Γ𝑛
2 (E𝑛 − 𝐸 − 𝑖
Γ𝑛
2 )
}
𝜇𝑛
 
The magnitude of 𝜇𝑛 informs the selectivity of the oscillator and the asymmetry of its peak.  
An oscillator’s selectivity is tied to the rate at which the joint density of states decreases as 
energy is incremented away from the critical point.  The category of critical point (minimum, 
maximum, or saddle point) determines the phase of the contribution to the dielectric function, 
and can thus be accounted for by the inclusion of the phase correction term, 𝜙𝑛.  For CdTe, 
the critical points and the transitions that they represent are pictured in figure 2.5.   
While the critical points do account for most of the polarization, there are still 
contributions to the dielectric function from band-to-band transitions at non-critical 𝑘 values.  
In contrast to those of critical point oscillators, these transitions are spread out over a range of 
energies.  A Tauc-Lorentz oscillator, the formula for which is given below, can be used to 
account for these transitions in a dielectric model [11] [5].  
𝜀𝑇𝐿(𝐸) = {
𝑖 (
𝐴𝐸0Γ(𝐸 − 𝐸𝑔)
2
(𝐸2 − 𝐸0
2)
2
+ Γ2𝐸2
) (
1
𝐸
) , 𝐸 > 𝐸𝑔
0, 𝐸 ≤ 𝐸𝑔
 
In addition to the band gap 𝐸𝑔 and the standard amplitude and broadening coefficients 𝐴 and 
Γ, the Tauc-Lorentz oscillator is parameterized by a peak central energy 𝐸0.  It should also be 
noted that the 𝜀1 component of 𝜀𝑇𝐿 is always equal to zero. 
The final model of the dielectric function of CdTe consists of five oscillators: one 
CPPB oscillator at each of four critical point energies and one background Tauc-Lorentz 
oscillator3.  𝜓 and Δ spectra will be collected for the solar cell under varying levels of 
illumination.  The differences in 𝜓 and Δ will be modeled as a change in the dielectric 
                                                 
2 Note that for 𝜇𝑛 = 1 and 𝜙𝑛 = 0 the form of the CPPB oscillator is identical to that of the Lorentz oscillator 
3 From this point forward, this paradigm will be referred to as a “4+1 model” 
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(24)
(25)
function of the absorbing CdTe layer, necessitating re-parameterization of the oscillators.  
Since CPPB oscillators are directly correlated to the band structure, changes in the oscillator 
parameterization can theoretically be tied to physical phenomena in the layer.   
Use of the 4+1 model for CdTe has been documented in literature.  Chen et. al. found 
a best fit for as-deposited and CdCl2-treated CdTe for the parameterizations given by table 
2.1.  The parameterizations yield slightly different dielectric functions but remain faithful4 to 
the known shape of the dielectric function (figure 2.6).  The characterized solar cell fragment 
used CdCl2-treated CdTe, and so the parameterization described by table 2.1 will be used as a 
starting point in the modeling of the dielectric function. 
 
2.5 HEATING OF THE SOLAR CELL 
 The illumination of the solar cell is expected to cause some degree of heating.  The 
dielectric constant is extremely sensitive to changes in temperature, to the point where 
ellipsometry is often used as a non-contact temperature probe [5].  Previous research by 
Strzalkowski et. al. has determined the dielectric constant of CdTe to be linearly dependent on 
temperature, following the relation given below [12].  
𝜀(𝑇) = 10.31 + (2.27 ∙ 10−4) ∙ 𝑇 
We can estimate the effect of illumination on the temperature of the solar cell by using the 
following equation.  
𝑃𝑖𝑛(𝐼) =  𝑃𝑜𝑢𝑡(∆𝑇) 
To find 𝑃𝑜𝑢𝑡(∆𝑇), the rate of heat dissipation in watts, we use the equation for heat transfer 
across a flat conducting medium.  For a contact area 𝐴𝑐, contact thickness 𝑑, and thermal 
conductivity 𝑘, the dissipative power is given by 
𝑃𝑜𝑢𝑡(∆𝑇) =
𝑘𝐴𝑐∆𝑇
𝑑
 
In the meantime, we can write the following equation for 𝑃𝑖𝑛(𝐼), in which 𝐼 is the 
illumination intensity, 𝐴𝐼 is the illumination area, and 𝛽 is the percentage of the incident 
power that results in heating of the cell.  
                                                 
4 The dielectric function of a polycrystalline materials such as CdTe is informed by the grain size.  Differences in 
the grain size can be assumed to be at least partially responsible for differences between the Chen models of the 
dielectric and the tabulated values. 
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(26)
(27)
(28)
𝑃𝑖𝑛(𝐼) = 𝐴𝐼𝐼𝛽 
Exploiting the fact that the illumination area is the same as the area of thermal contact (𝐴𝐼 =
𝐴𝑐), we can write the change in temperature as a function of the illumination intensity.  
𝑘𝐴𝑐∆𝑇
𝑑
= 𝐴𝑡𝐼𝛽 
∆𝑇(𝐼) =
𝛽𝑑
𝑘
𝐼 
Glass comprises the bulk of the solar cell and the slide that it rests upon and acts as the 
conducting medium.  The value of 𝑘 for glass is 1.05 W/(m·K).  The solar cell and 
microscope slide are 2 mm and 1 mm thick, respectively, contributing to a total thickness of 
𝑑 = 3 mm.  In our estimate of 𝛽, we employ the following reasoning.  Th external quantum 
efficiency of the CdTe solar cell (figure 3.4) is approximately 90% at the LED peak 
wavelength of 610 nm (figure 3.5), meaning that the probability of any particular photon 
incident upon the solar cell resulting in the creation of an electron-hole pair are approximately 
90%.  Electron-hole pairs that are generated are confined to the device due to the open-circuit 
configuration and thus lose their energy entirely through recombination processes.  Since 
CdTe is a direct band gap semiconductor, some of this recombination is radiative and thus 
does not heat the solar cell.  That said, the CdTe layer exhibits surface roughness at both 
interfaces, is polycrystalline, and has a nontrivial doping concentration, all of which 
contribute to the defect density and thus the rate of Shockley-Read-Hall recombination [13].  
Shockley-Read-Hall recombination is mediated through exchange of phonons, and thus 
results in a net heating of the device.  Previous research by Zhao et. al. has shown 
recombination in CdTe to be dominated by Shockley-Read-Hall recombination [14].  In our 
estimation, we draw the conclusion that all recombination is of this type, giving us a value of 
0.90 for 𝛽.  We can now solve equation (27) numerically.  
∆𝑇(𝐼) = 0.0026 ∙ 𝐼 
For our maximum intensity of 75 W/m2, the change in temperature is expected to be 0.19 K.   
From equation (23), we find that this level of heating would result in a change in the 
permittivity of approximately 0.004, although this change could be greater or smaller at 
different photon energies. 
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2.6 TABLE AND FIGURES 
 
 
Figure 2.1: Plot of amplitude coefficients vs. angle of incidence  for CdTe 
 
 
Figure 2.2: Plot of phase changes vs. angle of incidence for CdTe 
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Figure 2.3: Collected light is a combination of light that has been reflected off 
the sample surface and light that has taken various paths through the sample  
 
  
Figure 2.4: Band structure diagram of CdTe [7] 
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Figure 2.5: Band structure diagram of CdTe with critical points [7] 
 
 
Table 2.1: 4+1 model parameter values calculated by Chen et. al. for single 
crystal and CdCl [7]
15 
 
 
 
Figure 2.6: Comparison of CdTe dielectric function, 4+1 model vs. tabulated  
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CHAPTER 3: EXPERIMENTAL METHODS 
 
3.1 EXPERIMENT SETUP 
Measurements were taken using the Woolam Variable Angle Spectroscopic 
Ellipsometer (WVASE).  The WVASE is a rotating analyzer ellipsometer with a spectral 
range of 250-1700 nm5.  Samples are mounted on a rotating stage and suspended via suction 
from a vacuum pump.  The sample stage is designed with a small inlet (figure 3.1), which 
allowed LED illumination of the device and ellipsometry to take place from opposite sides 
(figure 3.2). 
Experiments were performed on fragments of a CdTe/CdS solar cell fabricated at the 
University of Toledo.  A CdS:O window layer was deposited via reactive sputtering on a 
15x15 cm TEC-15/HRT substrate at 250 C to a thickness of 100±40 nm.  Research has 
suggested [15] that oxygen impurities in the CdS layer prevent interdiffusion between the CdS 
and CdTe and lead to increased device performance in VOC and fill factor.  To this end, sputter 
deposition of CdS took place in a mixed Ar-O2 environment, resulting in a CdSxO1-x film with 
x ranging from 0.98 to 1.  CdTe was then sputter deposited on top of the window layer to a 
thickness of 1800±400 nm.  To further increase the efficiency [16], the cell underwent a 
CdCl2 post-deposition treatment at 387 C for 30 minutes.  Finally, the cell was fitted with a 
16x16 matrix of Au/Cu dots, each acting as an anode, and cell-spanning indium channels as a 
cathode.  The VOC, JSC, RShunt, Rseries, fill factor, efficiency, and CdS/CdTe thicknesses were 
probed at each dot.  Those dots with the highest performance were cut into 1x1 cm squares 
and affixed using epoxy to glass slides with the terminals face-up.  The cell is pictured in 
figure 3.3. 
Illumination of the device was accomplished via LEDs.  LEDs provided several 
advantages as an illumination source.  First, it was initially worried that stray light from the 
illumination source would interfere with SE, and using LEDs would confine that interference 
to a narrow band of frequencies.  Second, LEDs generate very little heat, which minimized 
                                                 
5 The standard model of the WVASE has spectral range of 250 nm to 1100 nm but it can be ordered with a near-
IR extension allowing for measurements up to 1700 nm. 
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the potential confounding effect of changes in temperature on the SE spectra.  Third, the 
geometry of the ellipsometer did not permit a large illumination apparatus, so the small size of 
each LED allowed us to maximize illumination intensity.  Kingbright WP7104SET 3mm 
super bright orange LEDs were used (peak λ =610 nm) in order to maximize the quantum 
efficiency of the solar cell (figure 3.4).  The LED emits light in a narrow band of wavelengths 
(figure 3.5) and exhibits a linear relationship between drive current and intensity (figure 3.6).  
The listed luminous intensity of the LED is1300 mcd at 20 mA, with a maximum allowable 
DC current of 30 mA.  
The illumination apparatus consisted of four LEDs arranged in a series circuit 
powered by an adjustable current source.  The LEDs were mounted on the rotating stage of 
the WVASE32 at a distance of 1 cm from the glass side of the solar cell.  The illuminating 
power of the LED apparatus was found to be 50 W m2⁄  at a drive current of 20 mA.  Since the 
luminous intensity varies linearly with drive current between 0 and 30 mA, current in mA and 
intensity in W m2⁄  are related by a constant of proportionality of 2.5. 
 
3.2 EXPERIMENTAL PROCEDURE 
Two experiments were performed, each consisting of several measurements.  The first 
experiment sought to determine if illumination would have a measurable effect on 𝜓 and Δ.  
Since an effect was observed, a second experiment was performed to see if the results were 
repeatable, and, if so, whether they scaled with illumination intensity.  In the first experiment, 
eight total measurements were taken for drive currents of 0 and 25 mA.  In the second 
experiment, sixteen total measurements were taken for drive currents of 0, 10, 20, and 30 mA.  
In both experiments, measurements were taken four times at each drive current to increase the 
signal-to-noise ratio.  Each experiment was performed in darkness over a period of several 
hours.  Each measurement consisted of SE spectra (𝜓 and Δ) taken at angles of incidence6 of 
57°, 62°, and 67° from 400 nm to 1690 nm in increments of 10 nm for the first experiment 
and 4 nm for the second.   
                                                 
6 Due to an error the Brewster angle was initially calculated to be 62°.  SE resolution is highest at the Brewster 
angle, but valid SE measurements can be taken at any angle. 
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 The SE spectra were obtained through the WVASE32 user interface and converted 
from -.SE files to -.dat files.  MATLAB was used to generate new -.dat files for the mean 
spectra at each drive current and subsequently to analyze the raw spectra.  The generated -.dat 
mean spectra were then converted into -.SE files using WVASE32.  Finally, CompleteEase 
software was used to create an optical model of the device via input of the -.SE mean spectra.  
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3.3 FIGURES 
 
 
Figure 3.1: Woolam VASE with inlet circled.  
 
 
Figure 3.2: Diagram of experiment 
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Figure 3.3: Photograph of the solar cell with cross -section 
 
 
Figure 3.4: External quantum efficiency as a function of wavelength  
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Figure 3.5: Normalized plot of radiant intensity of the LED as a function of wavelength [17] 
 
 
Figure 3.6: Luminous intensity of the LED as a function of forward current [17] 
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CHAPTER 4: EXPERIMENTAL RESULTS 
 
 4.1 RESULTS FROM FIRST EXPERIMENT 
 The mean SE spectra for the first experiment are shown in figure 4.1 and figure 4.2.  
As can be seen, 𝜓 and Δ both exhibit crests and valleys in the range between 0.9 and 1.5 eV, 
with a spacing of approximately 0.1 eV between crests.  The amplitude of these features 
decreases steadily from 0.9 to 1.5 eV.  A categorically different feature of even higher 
amplitude exists below 0.9 eV and beyond 1.5 eV 𝜓 and Δ approach a shallow curve.   
 CdTe has a band gap of 1.50 eV, so the change in the SE spectra at 1.5 eV is a strong 
indicator that the CdTe layer has a dominant role in determining 𝜓 and Δ.  If it is assumed 
that the peaks and valleys correspond to energies at which the transmitted light was re-emitted 
after, respectively, 𝑍 or 𝑍 + 1 2⁄  wavelengths, for 𝑍 is an integer, then we can estimate the 
thickness 𝑑 of the CdTe via the following equation,  
𝑑 =
ℎ𝑐 cos 𝜃𝑡
2𝑛𝑡𝑒(𝐸1 − 𝐸2 ) 
𝑋 
for 𝐸1 = 1.5 eV, 𝐸2 = 0.9 eV, and 𝑋 is the number of peaks between 𝐸1 and 𝐸2.  This 
equation yields a thickness of ~2200 nm, which is within the range of thicknesses we expect 
for the CdTe layer.  It is clear that the CdTe layer is being probed by the ellipsometric 
measurements.   
 Illumination via LED does not appear to have a large effect on 𝜓 and Δ.  Although the 
25 mA spectra and 0 mA SE spectra are nearly indistinguishable in figures 4.1 and 4.2, small 
differences can be observed in a differential7 plot, depicted in figures 4.3 and 4.4.  Although 
the signal-to-noise ratio is low, definite modulation of some kind can be observed from 0.9-
1.6 eV, consisting of a very slight, scaled increase in the amplitude of the features.  The 
modulation of 𝜓 and Δ, as expected, grows as the angle of incidence draws closer to the 
Brewster angle of 71°.  Since modulation was observed, a second experiment took place in 
order to assess the reproducibility and scalability of the modulation. 
 
                                                 
7 The differentials 𝛿𝜓 and 𝛿Δ referring to the dark SE spectra subtracted from the illuminated SE spectra 
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 4.2 RESULTS FROM SECOND EXPERIMENT 
 The mean 0 mA SE spectra8 for the second experiment are depicted in figures 4.5 and 
4.6.  As before, differences between the spectra were so small as not to be visible on a 
standard graph.  As can be observed, the general structure of 𝜓 and Δ remains relatively 
consistent through both experiments.  Some variation is to be expected, as a different part of 
the device surface was probed.   
Although the absolute values of 𝜓 and Δ are not identical to those of the first 
experiment, approximately the same number of peaks occur in the range from 0.9 eV to 1.5 
eV, meaning that the thickness of the CdTe layer is similar for both experiments.  As a 
consequence, it is likely that the differences in 𝜓 and Δ are a result of variation in the surface 
roughness.   
The differential spectra are pictured in figures 4.7 and 4.8.  It is immediately clear that 
the modulation of the SE spectra takes the same shape as that of the first experiment.  The 
magnitude of the modulation, however, is significantly diminished.  In contrast to the first 
experiment, 𝛿𝜓 and 𝛿Δ do not appear to be dependent on the angle of incidence.  Despite an 
even poorer signal-to-noise ratio than the first experiment, the modulation amplitude can be 
observed to scale with the illumination intensity in the range from 1.1 eV to 1.7 eV.   
A reduction in modulation amplitude does not eliminate the possibility that the 
changes in the SE spectra are a result of photoexcitation.  Several weeks passed between the 
two experiments and the solar cell fragment was handled on numerous occasions during this 
period9.  It is possible that the cell was damaged during handling or degraded over time, 
resulting in a decrease in photoexcitation.   
 
 
 
 
                                                 
8 The SE spectra are only pictured for the 0 mA dataset because inclusion of additional lines (which would only 
follow the same course as the first) does not serve to provide any information or insight.  The full range of 
illumination intensities can be observed in the plots of 𝛿𝜓 and 𝛿Δ. 
9 The second experiment was attempted on three separate occasions.  During the first two iterations, full sets of 
SE spectra were collected but were unusable because the device fragment had imperceptibly shifted during data 
collection. 
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 4.3 FIGURES 
 
 
 
 
Figure 4.1: 𝜓 spectra for the first experiment 
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Figure 4.2: Δ spectra for the first experiment 
  
1 1.5 2 2.5 3
0
50
100
150
Energy (eV)

 (
d
e
g
re
e
s
)
 
 
 @ 57°, 25 mA
 @ 57°, 0 mA
1 1.5 2 2.5 3
0
50
100
150
Energy (eV)

 (
d
e
g
re
e
s
)
 
 
 @ 62°, 25 mA
 @ 62°, 0 mA
1 1.5 2 2.5 3
0
50
100
150
Energy (eV)

 (
d
e
g
re
e
s
)
 
 
 @ 67°, 25 mA
 @ 67°, 0 mA
26 
 
 
 
Figure 4.3: 𝜓 differential spectra for the first experiment   
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Figure 4.4: Δ differential spectra for the first experiment  
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Figure 4.5: 𝜓 spectra for the second experiment (0 mA only) 
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Figure 4.6: Δ spectra for the second experiment (0 mA only) 
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Figure 4.7: 𝜓 differential spectra for the second experiment 
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Figure 4.8: Δ differential spectra for the second experiment  
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Figure 4.9: 𝜓 differential spectra for the second experiment (1.1 -1.7 eV only) 
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Figure 4.10: Δ differential spectra for the second experiment (1.1 -1.7 eV only) 
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CHAPTER 5: DIELECTRIC MODELING 
 
 5.1 GENERAL APPROACH 
 Optical modeling of the solar cell was accomplished in CompleteEase.  The solar cell 
was modeled as consisting of six primary layers: CdTe, CdS, HRT, TEC-15, SiO2, and SnO2.  
The CdTe/CdS and CdS/HRT interfaces were modeled as individual layers governed by an 
effective medium approximation (EMA).  The surface roughness of the CdTe layer was 
treated as an additional layer as well, consisting of an EMA between air (void) and the CdTe 
layer.  The structure of the optical model is given by figure 5.1.  Due to the complexity of the 
heterostructure10, the thicknesses of the HRT, TEC-15, SiO2, and SnO2 layers and the 
CdTe/CdS and CdS/HRT interfaces were treated as constants (table 5.1).   
 
 5.2 PRELIMINARY ANALYSIS 
In measuring the layer thicknesses, the composition percentage of the surface 
roughness layer and the thicknesses of the CdTe, CdS, and surface roughness layer were 
treated as variables.  This complete set of variables was fit to the dark SE spectra from each 
experiment using tabulated values of the dielectric function11 and using a 4+1 model 
parameterized according to the values determined by Chen, et. al.  Following this, the CPPB 
oscillator associated with the optical band gap was re-parameterized to fit to the spectra, along 
with the 𝜀∞ correction and the layer thicknesses.  Since modulation of 𝜓 and Δ was 
significantly more visible below the band gap energy, the process was repeated for a reduced 
spectral range of 0.733-1.600 eV.  The dielectric fit parameters used in the experimental 
models are shown in table 5.1.  The thicknesses for each approach are shown in tables 5.2 and 
5.3 for the first and second experiments respectively.   
To evaluate the viability of the experimental models, the dielectric function outputs 
are plotted in figures 5.2 through 5.5.  As can be seen, the full-SR dielectric functions for both 
                                                 
10 Early data analysis found that artifacts of the fitting algorithm were common, but could be minimized by 
confining the fit to the parameters of interest. 
11 Fit of the tabulated CdTe layer consisted of an additional EMA approximation of the CdTe layer 
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experiments follow the general shape of the tabulated dielectric function.  𝜀2 remains in lock-
step with Chen’s parameterization, while 𝜀1 mirrors the contour of the tabulated curve but 
underestimates the magnitude by approximately 2.  Additionally, the band gap is slightly red-
shifted and the associated features in in 𝜀1 and 𝜀2 are significantly narrowed and sharpened.  
Interestingly, the full-SR model of both experimental datasets exhibited the same behavior 
relative to the tabulated function, despite significant variation in the thickness.  These changes 
are almost certainly due to systematic modeling error but may also be at least partially the 
result of surface roughness, grain size, or other confounding variables.  In any case, some 
systematic error must be expected when a polycrystalline doped semiconductor is abridged to 
five oscillators, and the fact that two different datasets converged upon similar dielectric 
models speaks to the reproducibility of the technique.  The partial-SR fit, on the other hand, 
showed greater fidelity towards the tabulated dielectric but less towards itself.  For the first 
experiment, the partial-SR fit only underestimates the tabulated 𝜀1 curve by about 1.5 and 
does not indicate any change in the band gap or the breadth of the features contained within it.  
For the second, experiment, however, the features of the band gap are sharper than even those 
of the full-SR model.  The location of the band gap and the offset in 𝜀1 remain relatively 
consistent between the two datasets.   
Variation between the calculated thickness and EMA parameters between different 
models is low (~10%), so long as the parameters are calculated over the same spectral range.  
Changing the spectral range alone caused large more unpredictable changes in most fitting 
parameters (~10-20%) but had little effect on the CdTe thickness (~2%).  Mean squared error 
was significantly lower for the experimental model of CdTe than for either the Chen model or 
the tabulated model over both the full and reduced spectral ranges, with the lowest MSE 
occurring in the partial-SR model for both experiments.  From this early analysis, the full-SR 
and partial-SR models appear to each have advantages and disadvantages. 
Although there appears to be much greater uncertainty in the thickness of the CdTe 
layer in the experimental models, this can be explained by the fact that the experimental 
models required a larger number of fit parameters to determine the thickness (since thickness 
and oscillator parameters are determined simultaneously).  Therefore, the uncertainties in 
table 5.1 should be considered artificially inflated and regarded with skepticism. 
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5.3. THE DIELECTRIC FUNCTION VS. ILLUMINATION INTENSITY 
 In order to gauge how the dielectric function varies with the level of illumination, the 
dark SE spectra for each experiment must be re-parameterized in terms of the band gap 
oscillator and 𝜀∞ in order to procure usable values for the uncertainty.  Following this, the 
band gap oscillator and 𝜀∞ were fit to the 25 mA SE spectra, using both the partial and full 
SR-models.  The resulting dielectric functions are shown in figures 5.6 and 5.7.  Virtually no 
change is observed in the full-SR model, but differences are observable between the 
illumination levels as modeled by the reduced range.  These differences become clearer in a 
plot of the differential between the dielectric functions, shown in figures 5.8 and 5.9.   
For the full-SR model, the dielectric function appears to be modulated primarily at the 
band gap.  The parameter values (table 5.4) show a reduction in the negative magnitude of 𝐸∞ 
and an increase in 𝐴1 counterbalanced everywhere but beside the band gap by a decrease in 
the broadening parameter, along with an increase in 𝜇1.  Unfortunately, the observed changes 
in the parameter values are dwarfed by the uncertainty of the differential (table 5.5).  No 
conclusion can be drawn from the model regarding the effects of illumination on the dielectric 
function. 
 The partial-SR model shows a similar sort of modulation to that of the full-SR model, 
with the major differences being a large shift in the band gap energy and a fourfold increase in 
the positive change to 𝜀2 at the band gap (figure 5.9).  The pattern of opposing increases to the 
amplitude decreases in the broadening parameter are observed once again (table 5.6).  
Additionally, the mean squared error of both of the fits are exceptionally low, and this 
manifests in lower uncertainty values.  Unfortunately, the uncertainties of the differential 
parameters remain commandingly high (table 5.7).  Although the change in the band gap 
energy is within a factor of 2 of the differential uncertainty, no other modulation signal 
eclipses even a tenth of its respective differential uncertainty.  Once again, no conclusion can 
be drawn from the model regarding the effects of illumination on the dielectric function. 
 In the analysis of the raw 𝜓 and Δ spectra for the second experiment, it was observed 
that the “signature” of oscillation in the range from 0.9-1.6 eV was significantly lower in 
amplitude than that of the first experiment.  Likewise, the differences between the fits of the 
spectra from different illumination intensities were so insignificant that an absolute plot of the 
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dielectric function would provide no additional insight.  In the differential, however, minute 
changes can be observed.  For the full-spectrum fit, a differential plot of dielectric function 
shows categorically different modulation12 occurring with different illumination intensities 
(figure 5.10).  The changes to the dielectric model are on the order of the minimum allowable 
step size that CompleteEase will allow (table 5.8).  This modulation signal is over a hundred 
times weaker than that of the first experiment.  Although the MSE is exceptional, the 
uncertainty in the differential astronomically outstrips the magnitude of the change (table 5.9).  
No information about the effects of illuminating the device can be gleaned from this model. 
 The reduced-spectrum fit of the second experimental dataset had the lowest MSE of 
any fit performed.  A MSE of less than 30 is strongly suggestive of a global minimum, and for 
no modulation to be seen for such a good fit is telling of the challenges of observing such a 
small signal.  The reduced spectrum fit of the second experiment (figure 5.10) indicated a 
threefold increase in the magnitude of the differential compared to the full-SR fit.  
Predictably, the fit parameters once more experienced perturbations on the order of the 
minimum step size.  The differential uncertainty for the measurement ranged from several 
dozen to tens of thousands of times larger than the observed signal.  No conclusions regarding 
the effect of illumination can reasonably be drawn from the model.  
 
 
 
 
 
 
  
 
 
 
 
                                                 
12 The uncorrelated nature of the differential would be suggestive of noise even if the signal to noise ratio were 
favorable. 
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5.4 TABLES AND FIGURES 
 
 
  
Figure 5.1: Optical model of the heterostructured device  
 
 𝐸∞ 𝐴1 Γ1 𝐸1 𝜙1 𝜇1 MSE 
First 
Experiment 
Full-SR 
-2.779 
±0.9916 
4.606 
±1.1974 
0.0237 
±0.04123 
1.450 
±0.0179 
-25.922 
±6.8936 
0.059 
±0.0165 
57.772 
Partial-SR 
-1.641 
±0.4394 
4.165 
±0.5697 
0.0715 
±0.04074 
1.551 
±0.0200 
-31.498 
±4.4166 
0.100 
±0.0140 
33.962 
Second 
Experiment 
Full-SR 
-2.389 
±0.4947 
4.752 
±0.5736 
0.1219 
±0.04111 
1.518 
±0.0182 
-25.961 
±3.4905 
0.100 
±0.0132 
41.176 
Partial-SR 
-2.110 
±0.3855 
4.751 
±0.4413 
0.1279 
±0.03150 
1.516 
±0.0160 
-25.933 
±2.7053 
0.100 
±0.0105 
29.909 
Table 5.1: Comparison of CPPB fit parameters between first and second datasets 
and full and reduced spectral ranges.  
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Thickness (nm) EMA (%)  
Surface CdTe CdS Surface CdTe MSE 
Full 
spectrum 
Tabulated 
CdTe 
53.72 
±1.125 
1748.74
±13.461 
44.42 
±6.357 
36.4 
±0.85 
15.3 
±0.82 
80.332 
4+1 (Chen) 
59.19 
±1.279 
1549.71
±2.847 
47.60 
±2.800 
36.6 
±0.83 
- 112.916 
Experiment 
46.38 
±0.842 
1866.52
±30.159 
100.00 
±31.680 
42.1 
±0.86 
- 57.922 
Partial 
spectrum 
Tabulated 
CdTe 
65.77 
±1.244 
1704.97
±13.632 
46.68 
±3.860 
41.1 
±2.00 
12.6 
±0.89 
66.038 
4+1 (Chen) 
70.00 
±2.011 
1539.29
±3.404 
58.34 
±2.141 
31.9 
±1.90 
- 90.129 
Experiment 
66.16 
±0.881 
1782.74
±12.251 
68.10 
±7.072 
49.1 
±1.30 
- 36.471 
Table 5.2: Model-by-model comparison of thicknesses (first experiment) 
 
 
Thickness (nm) EMA (%)  
Surface CdTe CdS Surface CdTe MSE 
Full 
spectrum 
Tabulated 
CdTe 
54.29 
±0.867 
1884.81
±10.078  
53.85 
±3.145 
32.4 
±0.60 
10.6 
±0.65 
88.854 
4+1 (Chen) 
56.94 
±0.758 
1755.55
±1.580 
56.62 
±1.528 
33.8 
±0.50 
- 95.133 
Experiment 
49.10 
±0.471 
1993.67
±10.730 
100.00 
±9.554 
35.0 
±0.36 
- 41.219 
Partial 
spectrum 
Tabulated 
CdTe 
65.50 
±1.656 
1824.68
±12.328 
55.09 
±2.483 
31.8 
±1.92 
6.9 
±0.81 
92.002 
4+1 (Chen) 
70.00 
±2.289 
1739.24
±3.144 
56.35 
±1.402 
25.0 
±1.41 
- 91.943 
Experiment 
59.10 
±0.512 
1942.49
±7.335 
87.86 
±4.375 
37.1 
±0.87 
- 29.953 
Table 5.3: Model-by-model comparison of thicknesses (second experiment) 
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Figure 5.2: Model-by-model comparison of the dielectric function over the 
complete spectral range for the first experiment
  
Figure 5.3: Model-by-model comparison of the dielectric function over the 
reduced spectral range for the first experiment   
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 Figure 5.4: Model-by-model comparison of the dielectric function over the full 
spectral range for the second experiment   
 
Figure 5.5: Model-by-model comparison of the dielectric function over the 
reduced spectral range for the second experiment  
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Figure 5.6: Dark vs. light comparison of the dielectric function over the full 
spectral range for the first experiment 
 
Figure 5.7: Dark vs. light comparison of the dielectric function over the reduced 
spectral range for the first experiment 
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Figure 5.8: The difference between dielectric functions over the full spectral 
range for the first experiment (dark subtracted from light)  
 
 𝐸∞ 𝐴1 Γ1 𝐸1 𝜙1 𝜇1 MSE 
0 mA 
-2.779 
±0.9916 
4.606 
±1.1974 
0.0237 
±0.04123 
1.450 
±0.0179 
-25.922 
±6.8936 
0.059 
±0.0165 
57.772 
25 mA 
-2.721 
±0.8339 
4.697 
±1.0976 
0.0184 
±0.03078 
1.450 
±0.0094 
-25.922 
±6.0219 
0.065 
±0.0151 
58.914 
Table 5.4: CPPB oscillator parameters (first experiment), 0.733-3.100 eV 
 
𝛿𝐸∞ 𝛿𝐴1 𝛿Γ1 𝛿𝐸1 𝛿𝜙1 𝛿𝜇1 
0.058±1.8255 0.091±2.295 -0.0053±0.072 0±0.0273 0±12.9155 0.006±0.0316 
Table 5.5: Differential between parameterizations of the CPPB oscillator ,  
0.733-3.100 eV 
 
 
 
1 1.5 2 2.5 3
-0.02
0
0.02
0.04
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0.1
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Energy (eV)
 1
 
 

1
1 1.5 2 2.5 3
-0.06
-0.04
-0.02
0
0.02
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 2
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2
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Figure 5.9: The difference between dielectric functions over the reduced spectral 
range for the first experiment (dark subtracted from light)  
 
 
 𝐸∞ 𝐴1 Γ1 𝐸1 𝜙1 𝜇1 MSE 
0 mA 
-1.641 
±0.4394 
4.165 
±0.5697 
0.0715 
±0.04074 
1.551 
±0.0200 
-31.498 
±4.4166 
0.100 
±0.0140 
33.962 
25 mA 
-1.688 
±0.4429 
4.197 
±0.5542 
0.0678 
±0.03760 
1.534 
±0.0182 
-31.186 
±4.3866 
0.100 
±0.0147 
36.752 
Table 5.6: CPPB oscillator parameters (first experiment), 0.733-1.600 eV 
 
𝛿𝐸∞ 𝛿𝐴1 𝛿Γ1 𝛿𝐸1 𝛿𝜙1 𝛿𝜇1 
-0.047 ± 
0.8823 
0.032 ± 
1.1239 
-0.0037 ± 
0.0783 
-0.017 ± 
0.0382 
0.312 ± 
8.8032 
0 ± 
0.0287 
Table 5.7: Differential between parameterizations of the CPPB oscillator for the 
first experiment, 0.733-1.600 eV 
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 2
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2
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Figure 5.10: The difference between dielectric functions over the full spectral 
range for the second experiment (dark subtracted from light)  
 
 𝐸∞ 𝐴1 Γ1 𝐸1 𝜙1 𝜇1 MSE 
0 mA 
-2.389 
±0.4947 
4.752 
±0.5736 
0.1219 
±0.04111 
1.518 
±0.0182 
-25.961 
±3.4905 
0.100 
±0.0132 
41.176 
10 mA 
-2.388 
±0.5016 
4.752 
±0.5817 
0.1218 
±0.04168 
1.518 
±0.0185 
-25.956 
±3.5382 
0.100 
±0.0134 
41.692 
20 mA 
-2.387 
±0.4999 
4.752 
±0.5797 
0.1218 
±0.04154 
1.518 
±0.0184 
-25.963 
±3.5268 
0.100 
±0.0133 
41.671 
30 mA 
-2.387 
±0.4992 
4.752 
±0.5788 
0.1218 
±0.04145 
1.518 
±0.0184 
-25.956 
±3.5208 
0.100 
±0.0133 
41.503 
Table 5.8: CPPB oscillator parameters (second experiment), 0.733-3.100 eV 
 
 𝛿𝐸∞ 𝛿𝐴1 𝛿Γ1 𝛿𝐸1 𝛿𝜙1 𝛿𝜇1 
10 mA 
 0.0010 
±0.9963 
0 ±1.1553 -0.0001 
±0.0828 
0 ±0.0367 0.0050 
±7.0287 
0 
±0.0266 
20 mA 
0.0020 
±0.9946 
0 ±1.1533 -0.0001 
±0.0827 
0 ±0.0366 -0.0020 
±7.0173 
0 
±0.0265 
30 mA  
0.0020 
±0.9939 
0 ±1.1524 -0.0001 
±0.0826 
0 ±0.0366 0.0050 
±7.0113 
0 
±0.0265 
Table 5.9: Differential between parameterizations of the CPPB oscillator for the 
second experiment, 0.733-3.100 eV 
1 1.5 2 2.5 3
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Figure 5.11: The difference between dielectric functions over the reduced 
spectral range for the second experiment (dark subtracted from light)  
 
 𝐸∞ 𝐴1 Γ1 𝐸1 𝜙1 𝜇1 MSE 
0 mA 
-2.110 
±0.3855 
4.751 
±0.4413 
0.1279 
±0.03150 
1.516 
±0.0160 
-25.933 
±2.7053 
0.100 
±0.0105 
29.909 
10 mA 
-2.109 
±0.3956 
4.751 
±0.4530 
0.1277 
±0.03230 
1.516 
±0.0164 
-25.928 
±2.7753 
0.100 
±0.0108 
30.674 
20 mA 
-2.111 
±0.3980 
4.751 
±0.4553 
0.1288 
±0.03263 
1.516 
±0.0165 
-25.922 
±2.7902 
0.100 
±0.0109 
30.677 
30 mA 
-2.107 
±0.3928 
4.753 
±0.4499 
0.1271 
±0.03198 
1.516 
±0.0162 
-25.930 
±2.7558 
0.100 
±0.0107 
30.611 
Table 5.10: CPPB oscillator parameters (second experiment), 0.733-1.600 eV 
 
 𝛿𝐸∞ 𝛿𝐴1 𝛿Γ1 𝛿𝐸1 𝛿𝜙1 𝛿𝜇1 
10 mA 
0.001 
±0.7811 
0 ±0.8943 
-0.0020 
±0.0638 
0 ±0.0324 
0.005 
±5.4806 
0 
±0.0213 
20 mA 
-0.001 
±0.7835 
0 ±0.8966 
0.0090 
±0.0641 
0 ±0.0325 
0.011 
±5.4955 
0 
±0.0214 
30 mA 
0.003 
±0.7783 
0.002 
±0.8912 
-0.0080 
±0.0635 
0 ±0.0322 
0.003 
±5.4611 
0 
±0.0212 
Table 5.11: Differential between parameterizations of the CPPB oscillator for the 
second experiment, 0.733-1.600 eV 
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CHAPTER 6: CONCLUSIONS AND FUTURE WORK 
 
 6.1 CONCLUSIONS 
 Spectroscopic ellipsometry was performed on CdTe/CdS thin film photovoltaics under 
varying levels of illumination with the intention of modeling changes in the reflectivity 
coefficients as changes in the electronic properties of the cell.  For this to occur, four 
objectives would need to be accomplished. 
 First, the 𝜓 and Δ spectra of the device would need to be measured under varying 
levels of illumination.  A reproducible change in the raw SE spectra would need to be 
observed in order for further data analysis to occur.  This objective was accomplished, as a 
distinct signature of illumination was observed between 0.9 and 1.6 eV, shown to be 
qualitatively reproducible, and demonstrated to scale with illumination intensity. 
 Second, the device would have to be represented by a high-fidelity optical model.  
This objective was accomplished as well.  Several optical models of the solar cell were 
developed using different simulation paradigms for the absorbing CdTe layer.  By simulating 
the dielectric function of CdTe as the sum of contributions from CPPB oscillators and a 
background oscillator, the geometry of the device was determined to a high degree of 
confidence.  By careful probing of the best fit of the CPPB oscillator at the optical band gap, a 
reasonable model of the dielectric function was obtained at low mean squared error for two 
experiments. 
 Third, the dielectric function would have to be demonstrated to be modulated by 
illumination.  Unfortunately, the effects of modulation on the model of the dielectric function 
were vanishingly small for both experiments.  Although it is not impossible that an actual 
change in the dielectric constant contributed to the measured change in the optical model, 
conclusions could not be drawn with any confidence due to the high level of uncertainty. 
 Fourth, the changes in the oscillator parameters would be explained in terms of 
phenomena of interest in the device, such as carrier concentration or carrier lifetime.  As the 
fourth and final objective is contingent upon completion of the third, the fourth objective also 
could not be accomplished 
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 6.2 FUTURE WORK 
 Although modulation of the dielectric constant by light was not successfully 
demonstrated, there are several ways in which the experimental methodology could be 
improved that could result in greater success in the future.  Most glaringly, the center angle of 
incidence of the SE probe should be set to the true Brewster angle of CdTe (71°), rather than 
the miscalculated value (62°), allowing for greater resolution.  Additionally, increases to the 
intensity of the illumination source should feasibly result in greater modulation of the 
dielectric function.  Since heating or even fluctuations in the ambient temperature can 
confound optical measurements, too much optical intensity could mask the modulation signal 
behind the effects of radiative heating.  A cryostat would allow the temperature to be 
rigorously controlled and reduce noise.  Finally, the solar cells that were probed had seen 
some wear and tear.  Surface roughness and diminished functionality almost certainly reduced 
the modulation signal of the experiment. 
Ellipsometry as a probe technique has the advantages of being non-destructive, non-
contact, accurate, and fast.  The ability to dynamically model a CdTe solar cell in was that 
was tied directly to its band structure would have been a powerful tool.  If the third and fourth 
objectives are accomplished, time-resolved ellipsometry of the cell could feasibly be 
accomplished by use of a lock-in amplifier [18].  On the other extreme, it is also possible that 
the changes that arise in the dielectric function of a solar cell under illumination cannot be 
modeled effectively enough to be of significant utility.   
The findings of this thesis also point to the need for research into other areas.  More 
work could be done to test the limits of the 4+1 model with regards to CdTe and demonstrate 
conclusively the physical significance of changes to the values of each parameter.  CPPB and 
hybrid models fine-tuned to the band structure of other materials could be evaluated in similar 
studies of other second-generation solar cells such as CIGS or CZTS.  Lastly, the confounding 
effects of changing temperature on the dielectric should be characterized such that they can be 
accounted for in ellipsometric measurement. 
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